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Introduction
Pancreatic adenocarcinoma is the fourth leading cause of cancer death in the Western world, and despite recent advances, the median survival time after diagnosis of metastatic disease remains less than six months (1, 2) . The insulin-like growth factor (IGF)-1 and the fibroblast growth factor (FGF) pathways play important roles in the development of this cancer (3, 4) . The IGF-1 pathway promotes tumorigenesis of various malignancies, and excessive activation of the IGF-1 receptor (IGF-1R) is associated with malignant transformation, increased tumor aggressiveness, and protection from apoptosis (3, 5, 6) . IGF-1 and IGF-1R are often overexpressed in human pancreatic tumors and cell lines; and inhibition of the IGF-1 pathway suppresses tumorgenicity and increases sensitivity of pancreatic tumors to radiation and chemotherapy (7, 8) . Targeted therapies directed against the IGF-1R are currently being tested for the treatment of pancreatic cancer in clinical trials (http://clinicaltrials.gov/). The FGF pathway is involved in various stages of cancer development, including mitogenesis, cell differentiation and angiogenesis (4, 9) . Increased expression of FGF receptors (FGFRs) and the ligands FGF-1,-2,-5 and 7 was noted in pancreatic cancer samples and cell lines, and high expression of FGF-2 (also termed bFGF) was associated with a more advanced tumor stage and shorter survival (10) . Moreover, exogenous FGF-2, -5 and -7 exert mitogenic activity toward pancreatic cells (10, 11) .
Human klotho is a 1012-amino acid single-pass transmembrane protein, which is abundantly expressed in the distal convoluted renal tubules of the kidney and the choroid plexus in the brain, and also present in various exocrine and endocrine tissues, including the pancreas (12) (13) (14) (15) . The extracellular domain of klotho is composed of two internal repeats, KL1 and KL2, that share amino-acid sequence homology to β-glucosidase but lack glucosidase activity (15) . KL1 may also be transcribed through an alternative splicing (15) .
Klotho knockout mice exhibit phenotype resembling human premature aging, while overexpression of klotho in mice extends lifespan (15, 16) . Klotho is a potent inhibitor of ligand-dependent activation of the insulin and IGF-1 pathways (12, 16, 17) . Importantly, intra-peritoneal injection of soluble klotho to mice effectively reduced their response to insulin treatment (16) . Klotho is also an important regulator of the FGF pathway. Klotho -/-and FGF23 -/-share similar phenotype, and klotho is a mandatory co-factor for the interaction of FGF23 with FGFRs 1,3 or 4. On the other hand, klotho inhibits activation of the FGFRs by bFGF in human embryonic kidney (HEK) 293 and COS7 cells (12, 18, 19) .
We have previously identified klotho as a tumor suppressor in breast cancer (12) . We noted high klotho expression in normal breast tissue and low klotho expression in breast cancer and discovered that overexpression of klotho specifically inhibited growth of breast cancer cells in vitro (12) . We also discovered that a less active functional variant of KLOTHO, which contains two amino acid substitutions F352V and C370S (KL-VS), is associated with increased breast cancer risk among BRCA1 mutation carriers (20) .
We aimed to study klotho expression pattern and activities in pancreatic cancer. Our Western blot analysis: Protein extraction and Western blotting was performed as described (12) .
Colony assays: Two days following transfection with the indicated plasmids, G418 (900 μg/ml for Panc1, 1000 μg/ml for MiaPaCa2 and 750 μg/ml for Colo357, HEK-293 and BON1) was added to the culture media. At day 14, cells were stained using crystal violet (Sigma) and quantitated as described (12) .
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay: 3000 cells/well were plated in 96-well plates, cultured in the appropriate culture media, and treated for 48 hrs as indicated. MTT assay was carried out as done previously (12) .
Soft agar assay:
To determine the effect of klotho on anchorage-independent growth, 15,000
Panc1 cells per well were cultured in Noble agar (Sigma) at a final concentration of 0.3%, on top of 0.5% base agar. Cells were seeded in triplicate wells of 6-well plates, and re-fed twice a week with growth medium containing hKL (0.8 pM) or control vehicle. Colonies were counted after 21 days, following staining with 0.005% crystal violet.
Generation of soluble mouse klotho: Soluble mouse klotho was generated as described (16) .
Genetic analyses for the KL-VS variant:
Genotyping the KL-VS variant was carried out as described (20) .
Animal studies: Mice maintenance and experiments were performed under institutional guidelines of the Sheba Medical Center. Panc1 cells were prepared as described (21) . For the experiment with mouse klotho (mKL): six-week-old female athymic nude mice were injected with cells (0.5x10 6 ) subcutaneously into both flanks. After five days mice were treated with daily intra-peritoneal injections of mKL: 10μg/kg, 25μg/kg or saline control (N=5 per group).
Tumor size was measured with a digital caliper for up to 4 weeks, and the volume was estimated using the equation V = (a x b 2 ) x 0.5236, where 'a' is the larger dimension and 'b'
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Statistical analysis:
Results are presented as mean ± standard deviation (SD). Categorized variables were compared between the study groups using Fisher's exact test and continuous variables were compared using t-test. All significance tests were two-tailed and a P-value of <0.05 was considered as statistically significant. The nature of interaction between klotho and 5-FU or Gemcitabine was analyzed using the additive model (22) . A ratio between the observed and the predicted viability was calculated for all combinations and a ratio <0.8 for the interaction was considered to be synergistic.
RESULTS

Expression pattern of klotho in normal pancreas and pancreatic adenocarcinoma
While high klotho mRNA expression was noted in whole pancreas extracts (23) , the expression pattern of klotho in different components of the normal pancreas or in pancreatic cancer are currently unknown. We conducted immunohistochemistry analysis of klotho expression in pancreatic tissues, using an antibody directed against the intracellular domain of klotho, as previously described (12) . Normal human kidney sections served as control and positive staining was noted only in the distal convoluted tubules (12) . Analysis of five normal pancreas samples revealed high klotho expression in the exocrine pancreatic ducts, lower expression in the islet cells and no expression in the surrounding stromal tissue (Fig.1a) .
Analysis of 18 pancreatic adenocarcinoma samples revealed reduced klotho expression in 15 (83%) of the samples: no expression in nine and low expression in six samples (Fig.1b, Table   1 , p=0.002 for the comparison between normal and cancer samples).
Klotho expression was also analyzed using quantitative RT-PCR in normal human pancreatic tissue and three pancreatic adenocarcinoma cell lines: Panc1 and MiaPaCa2, which represent poorly differentiated adenocarcinoma, and Colo357, which represent moderately differentiated cancer (24) . Significantly lower klotho mRNA levels were observed in the cancer cells: 12% in Panc1 and less than 1% in MiaPaCa2 and Colo357 cells compared to the normal tissue (Fig.1c ). Klotho mRNA levels were then measured in five adenocarcinoma samples and adjacent normal pancreatic tissue. Samples were obtained during pancreatic surgery and the presence of adenocarcinoma was verified by an experienced pathologist. Reduced klotho expression in the tumor compared to normal pancreas was noted in 4 (80%) of the samples (Fig 1d) .
Recently, silencing of klotho by promoter hypermethylation was noted in cervical cancer (25) ; and we noted epigenetic silencing of klotho in breast cancer cells and clinical samples (Rubinek et al, submitted for publication). We tested the presence of methylation in the promoter of klotho using methylation-specific PCR (MSP) directed against a region within the CpG island in the klotho promoter. In correlation with the expression pattern (Fig.1c) , we noted the klotho promoter to be fully methylated in Colo357 and MiaPaCa2 and hemi-methylated in Panc1 cells (Fig.S2 ). Genetic analysis (data not shown) revealed that while wild-type klotho gene was found in MiaPaCa2 and Colo357, only the less active klotho variant, KL-VS (20) , was detected in Panc1.
Klotho inhibits growth of pancreatic cancer cells in vitro and in vivo
The effect of klotho over-expression on growth of pancreatic cancer cells was assessed using colony formation assays. Klotho may be shed and act as a circulating hormone, and we and others have shown that either soluble klotho or conditioned medium taken from klotho-over-expressing cells is active (12, 15, 23, 27) . We, therefore, tested the ability of soluble klotho to inhibit proliferation of pancreatic cancer cells. Cells were treated with mouse klotho (mKL), generated as described (12), or commercially available human klotho (hKL). Cells were seeded on 96-well plates, treated with either mKL or hKL for 48 hrs, and viability was assayed by MTT assay. Both mKL and hKL were found to be active and reduced viability of Panc1 cells by 70% and 55% respectively ( found to be active, albeit to a lesser extent (40% reduction in viability, p<0.01, Fig. 2e ,f).
Anchorage-independent growth is a hallmark of the neoplastic phenotype.
Importantly, soft agar assays revealed that treatment with klotho significantly inhibited anchorage-independent growth of Panc1 (Fig. 2c) .
5-fluorouracil (5-FU) and gemcitabine are chemotherapeutic drugs commonly used for the treatment of pancreatic cancer (28) . The ability of klotho to enhance their activity on pancreatic cancer cells was examined. Panc1, MiaPaCa2 and Colo357 cells were treated for 48 hrs with either mKL, 5-FU or gemcitabine, their combination, or a control vehicle, and viability was assayed. The addition of klotho significantly increased the activity of 5-FU ( Fig.   2d-f) . The nature of the interaction between mKL and 5-FU was analyzed using the additive model (22) . The combination of mKL (6 nM) and 5-FU (500 µM) showed a sub-additive effect in MiaPaCa2 and Colo357 whereas a synergistic effect was noted in Panc1 cells ( Fig.   2d and supp. Table 1 ). The combined treatment of hKL (0.8 pM) with gemcitabine (100 nM) had a minor effect on Panc1 cells (Fig. 2g ) and Colo357 (data not shown), showing a subadditive effect (supp. Table 2) , whereas a synergistic effect was noted for the combination of 0.8 pM hKL with 1 nM Gemcitabine in MiaPaCa2 cells (Fig. 2h and supp. Table 2 ).
In order to test the in vivo activity of klotho, Panc1 cells were injected into both flanks of nude mice (0.5x10 6 cells per injection), and the mice were treated with intraperitoneal injections of either a control vehicle (N=5) or mKL 10µg/kg (N=5) or 25µg/kg mKL (N=5), five days a week for four weeks. Treatment with klotho did not affect weight (Fig. 2i) or general health of the mice, but significantly reduced tumor size (Fig. 2j,   p<0 .05 for comparison between treated and control groups).
Klotho inhibits activation of the IGF-1 pathways in pancreatic cancer cells
The IGF-1 pathway plays an important role in the development of pancreatic cancer and klotho inhibits activation of this pathway (8, 12 express high levels of the IGF-1R and show enhanced proliferation following IGF-1 treatment (7, 8) . We examined the ability of klotho to inhibit activation of the IGF-1 pathway in these cells. For these studies cells were transfected with either pcDNA3-HA-KL or an empty vector, starved for 48 hrs, treated with IGF-1 (12.5 nM, 15 min), and analyzed using Western blotting for the expression and phosphorylation of the IGF-1R and downstream components of the IGF-1 pathway (Fig. 3a) . Klotho over-expression reduced phosphorylation of the IGF-1R and its downstream targets IRS-1, AKT1 and ERK-1 and -2 in all three cell lines. Similarly to klotho overexpression, soluble mKL also inhibited activation of the IGF-1R and its downstream effectors by IGF-1 in Panc1 cells (Fig. 3b) .
Klotho inhibits the bFGF pathway in pancreatic cancer cells
bFGF is over-expressed in pancreatic cancer cell lines and is associated with a more advanced tumor stage and poor prognosis (29, 30) , and klotho is a well-established modulator of the FGF pathway (18, 19) . In order to study the effects of klotho on the bFGF pathway in pancreatic cancer, pcDNA3-HA-KL or an empty vector were over-expressed in Panc1, MiaPaCa2 and Colo357 pancreatic cancer cells. Cells were starved for 48 hours, treated with bFGF (10 ng/ml), and analyzed for the expression and activity of ERK1/2, the downstream targets of the FGF pathway. Klotho significantly inhibited activation of the bFGF pathway in all three cell lines (Fig. 3c) .
KL1 inhibits pancreatic cancer growth
The predominant circulating forms of klotho in humans are the full-length protein (hKL), KL1 cleaved product (hKL1), and a splice variant composed only of KL1 (13, 14, 23) .
We explored the ability of KL1 to inhibit growth of pancreatic cancer cells, compared to full length klotho. Panc1 cells were transfected with either a full length mouse klotho expression vector (mKL), mouse KL1 (mKL1) or an empty vector (pcDNA3). Similar growth inhibitory activities were noted for KL1 and the full-length protein (Fig. 4a) 
KL1 was also tested. Panc1 cells were treated with either hKL or hKL1 for 48 hrs and viability was evaluated by MTT assay. Reduction of viability by 50% was observed following treatment with hKL1 at concentrations 100-times higher than hKL (Fig. 4b, *p<0.005 for comparison between treated and control cells).
We then examined the in vivo growth inhibitory activity of hKL1, compared to hKL, toward pancreatic cancer cells. Panc1 cells were injected to one flank of athymic mice and mice were treated with intraperitoneal injections of either control vehicle (N=12), hKL (2.5µg/kg, N=7), or hKL1 (10 µg/kg, N=6; 25 µg/kg, N=7), five days a week for five weeks.
Klotho treatment significantly inhibited tumor growth (Fig. 4d-f , p < 0.05 for comparison of tumor volume and weight between the control and klotho treated groups).
Immunohostochemistry analysis of the proliferation marker Ki67 revealed a significant reduction in the percent of proliferating cells in four tumors harvested from klotho treated mice compared to four controls (50% compared to70%, p=0.02 Fig 4g) . Similar experiment, with minor exceptions, was also performed using MiaPaCa2 cells. Cells were injected into both flanks of athymic mice and mice were treated with either a control vehicle (N=8), hKL (2.5µg/kg, N=8) or hKL1 (10 µg/kg, N=8). After four weeks of treatment, all the injected tumors were observed in the control group, while two tumors (12%) of the hKL-treated mice and four (25%) of the hKL1-treated mice completely regressed ( fig.4i) . Moreover, hKL1 inhibited tumor growth more effectively than hKL (Fig. 4h-i) .
To our knowledge, the safety of long-term klotho or KL1 administration has not been determined. No changes in weight (Fig. 2i, 4c and data not shown) or general health were noted in mice treated with either hKL or hKL1. The effects of hKL and hKL1 on blood counts and chemistry were also studied. For these studies, blood was withdrawn from control, hKL-treated (2.5 µg/kg) or hKL1-treated (10 µg/kg) mice, at the same day of killing and tumor harvesting, following five weeks of treatment. Treatment with either hKL or KL1 did
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on May 10, 2017. © 2011 American Association for Cancer clincancerres.aacrjournals.org Downloaded from not affect blood counts or liver function tests (data not shown). Importantly, full-length klotho but not KL1, altered blood urea, cholesterol and phosphate levels ( Table 2) . Glucose levels were determined after fasting in the MiaPaCa2 xenograft experiment. While klotho treatment mildly increased glucose levels, hKL1 did not have any significant effect on glucose level (Table 2) .
We next analyzed the effects of KL1 on IGF-1, bFGF and FGF23 signaling. Panc1 cells were transfected with either full length klotho (pCDNA3-HA-KL), KL1 (HA-KL1) or an empty vector, starved for 48 hours, treated with IGF-1 (12.5 nM, 15 min) or bFGF (10 ng/ml) , and analyzed using Western blotting for the level of expression and phosphorylation of AKT or ERK1/2. KL1 reduced phosphorylation of these proteins to a greater extent than the full length klotho (Fig. 4j ). Yet, KL1 had no effect on the phosphorylation of ERK1/2 following FGF23 stimulation in Mouse Distal Convoluted Tubules (MDCT) cell line (Fig.   4k ). Thus, hKL and hKL1 present cell-type and pathway-dependent differential activities.
Discussion
Our observations indicate klotho as a tumor suppressor in pancreatic cancer. High klotho expression was observed in normal pancreas, while low expression was noted in pancreatic adenocarcinoma. Klotho, either over-expressed or soluble, inhibits activation of the IGF and FGF pathways and slow growth of pancreatic cancer cells in vitro and in vivo.
Furthermore, we found that KL1 domain was as active as the full length protein but had more favorable safety profile when administered to mice. variant exhibits reduced activity and is associated with increased breast cancer risk in BRCA1 mutation carriers (20) . As klotho may serve as a potential tumor suppressor, the association of a less active variant with increased risk of pancreatic cancer, especially in high-risk populations, should be further explored.
The IGF-1 pathway is active in pancreatic NETs (35) . Klotho expression was noted in pancreatic islets and expression of klotho inhibited colony formation in the NET cells BON1.
The role of klotho as a tumor suppressor in NET should be further explored.
Soluble klotho compounds and also a conditioned medium obtained from klothooverexpressing cells effectively inhibit growth of breast (12) and pancreatic cancer cells.
Thus, secreted klotho may be involved in mediating growth-inhibitory activities. Yet, the expression of klotho in the normal pancreas tissue surrounding the cancer cells does not impair cancer development. Possible explanations for this phenomenon can be reduced shedding of klotho from normal pancreatic cells or reduced penetrance of klotho to the tumor due to the presence of desmoplastic stroma. This stroma is typical to pancreatic cancer and is well-known to confer resistance to cancer therapies (36) .
Several mechanisms may govern klotho growth-inhibitory activities. The IGF-1 pathway plays an important role in pancreatic cancer development (37, 38) and klotho is a potent inhibitor of the IGF-1 pathway in breast (12) , lung (39, 40) and pancreatic cancers.
Mechanisms other than inhibition of the IGF-1 pathway may mediate the growth-inhibitory activities of klotho in pancreatic cancer. A possible such mechanism is inhibition of the bFGF pathway (4). Klotho is an inhibitor of the bFGF pathway in HEK293 cells (12, 18, 19) and in pancreatic cancer cells (Fig. 3c and 4j) . Moreover, modulation of the bFGF pathway by klotho and β-klotho has also been shown in breast (12) pathways. We observed only partial correlation between inhibition of ERK1/2 activation and inhibition of pancreatic cells proliferation by klotho. For example, while klotho only slightly inhibited bFGF-induced ERK1/2 in MiaPaCa2 (Fig 3c) , it effectively inhibited their growth in vitro and in vivo. Thus, additional downstream targets of the IGF-1 and bFGF pathways may participate in mediating klotho growth inhibitory activities.
Our in vivo studies indicate klotho as a potential novel therapy against pancreatic cancer. As the in vivo activity was observed following treatment with either human or mouse klotho, produced and purified by different methods, the possibility of a non-specific effect is unlikely. Currently, there is no reliable and readily available method to determine klotho levels in the blood. Therefore, the pharmacokinetic properties of klotho could not be determined. Preliminary data using Western blotting indicate detectable levels of HA-tagged klotho in the blood six hours following intraperitoneal injection (data not shown). While low molecular mass plasma proteins of less than 60 kDa poses a short half life, larger proteins exhibit half-life of several days (42) . For example, half life of injected antibodies may be as long as several weeks. It is therefore possible that the half lives of injected klotho (~125 kDa) or KL1 (~68 kDa) are relatively long. While we injected klotho five days a week, a less intense schedule of injection may also be effective.
Structure-function relationships of klotho have not been fully elucidated yet. Klotho is composed of two internal repeats, KL1 and KL2, which share amino-acid sequence homology to family 1 glycosidases and can be cleaved, shed and act as a circulating hormone. Cleavage can be mediated by ADAM10 and ADAM17, members of the A disintegrin and metalloproteinase (ADAM) family (27, 43) . The cleavage products can be either a 130 kDa protein composed of both KL1 and KL2 or 68 kDa and 64 kDa proteins representing KL1 and KL2, respectively. Moreover, klotho gene can transcribe a secreted form of klotho by alternative RNA splicing encoding only the KL1 domain (13, 14, 23 full-length klotho can function as a co-receptor for FGF23 (19, 44) . Indeed, KL1 did not affect signaling by FGF23 in MDCT cells (Fig. 4k) . Accordingly, we observed hypophosphatemia, which may be attributed to the activity of FGF23, in mice treated with klotho, but not in mice treated with the KL1 domain. Experiments were repeated at least three times, band intensities were quantified, and fold increase is specified for each treatment, relative to pcDNA3 without bFGF treatment and SD was calculated. * P<0.05. Table 2 Comparison between blood chemistry levels of the control and mice treated with hKL (2.5 µg/kg) or hKL1 (10 µg/kg). 
